APPLICATION 
FOR 

UNITED STATES LETTERS PATENT 



b 

C3 
if 

u 



in 

3 

o 



H 
Co 



APPLICANT NAMES: William J. Cote, et al . 

TITLE: Chemical-Mechanical Planarization of 

Barriers or Liners for Copper Metallurgy 
DOCKET NO. : BU9-98-100 

INTERNATIONAL BUSINESS MACHINES CORPORATION 



CERTIFICATE OF MAILING UNDER 37 CFR UO 
I hereby certify thai, on the date shown below, this 
correspondence is being deposited with the United States 
Postal .Service in an envelope addressed to the Assistant 
Commissioner for Patents, Washington, D.C. 20231 as 
"Express Mail Post Office lo Addressee" 
Mailing Label Nq EL 046Q3 Q675US 
on 




6 




I 



5 



CHEMICAL-MECHANICAL PLANARIZATION OF BARRIERS OR LINERS FOR 

COPPER METALLURGY 

Field of the Invention 



The present invention relates generally to integrated circuit metallization, and more particularly 
to a methods of forming metallization by planarizing copper wiring wherein a liner is used under 
a copper layer. 



1 0 Background of the Invention 
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In the field of integrated circuit manufacturing, it is well known that significant density 
advantages result from forming planar metallization patterns which interconnect one or more 
transistors, capacitors, resistors, and other semiconductor electronic components formed on a 
1 5P wafer. One of the significant trends in the industry is produce such planar metallization patterns 
using so-called "Chemical-Mechanical Penalization" or "Chem-Mech Polish" or just "CMP" 
techniques. In CMP, the front side of a semiconductor wafer is held against a rotating polish 
P wheel, and a polishing slurry is introduced that facilitates the planarization and partial removal of 
m a metal layer on the wafer through a combination of chemical reaction and physical abrasion. 
20 fy See for example US Patent 4,944,836, issued July 3 1, 1990 to Beyer et al. and assigned to the 
assignee of the present invention, which teaches the CMP of metals or insulators to form 
coplanar .insulator/metal films. 

In addition to the general advantages afforded by CMP, particular density advantages result from 
25 fonning an integrated metallurgy in pre-planarized passivation. That is, as shown in US Patent 
4,789,648, issued December 6, 1 988 to Chow et al and assigned to the assignee of the present 
invention (hereinafter the "Chow patent"), which teaches the method of forming coplanar 
imbedded lines in insulators where the lines include integral vias to underlying conductive layers. 
Normally, the horizontal (line) and vertical (via) portions of the metallurgy are formed using two 
BU9-98-100 , 



separately formed layers of metal; the Chow patent maximizes conductivity by eliminating the 
interlayer interface that normally exists between the horizontal and vertical portions of the 
metallurgy structure. 

5 In the prior art, it is well known to utilize aluminum alloys or tungsten as the metallurgy for 
integrated circuits. However, the conductivity characteristics of these materials may not be 
sufficient as the density of semiconductor chips increases below 0.4 microns. These metallurgies 
are typically deposited on the wafer utilizing chemical vapor deposition, sputtering or other 
directional deposition techniques. As chip area is reduced the aspect ratio (that is, the ratio of 
1 0 height relative to width) of vias, or openings, formed through passivation increases making it 
^ difficult to deposit metal into high aspect ration vias. The result can be the formation of voids in 
g metals deposited resulting in increased resistance or even failure to form useful contacts. In 
ifi addition, at smaller geometries metal lines become more susceptible to electromigration-induced 
^ faults. Thus, the semiconductor industry has recently emphasized the development in the copper 
1 5 J jj metallurgies to replace aluminum-based metallurgy. Although copper has low resistivity and 
higher electromigration resistance than aluminum, it has no standard deposition technique. No 
fewer than six different types of depositions methods have been investigated, including chemical 
g vapor deposition, sputtering, evaporation, plasma CVD, electroless and electroplating. Each has 
C) its advantages and disadvantages. In addition, several problems are required to be solved before a 
20 '' " manufacturable copper technology can be defined. 

Copper, which is highly sensitive to corrosion does not form a self-passivating oxide as does 
aluminum, presents unique challenges, particularly in the area of CMP. 

25 Initial methods of implementing copper in semiconductor devices and planarization by CMP 
emphasized only the etching and abrasion of copper as evidenced by slurries such as 
Various slurries for CMP of copper have been proposed in the prior art. These techniquesinclude 
the following: water, a solid abrasive, an oxidant from one of HN03, H2S04, and AgNC-3 as 
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taught in US Patent 5,354,490 to , Yu et al.; and water, a solid abrasive, an oxidant: HN03 or 
NH40H and KMn04 with a H202 buffering agent as taught in the article "Initial study on 
copper CMP slurry chemistries," Ronald Carpio et al., thin solid films, Vol. 266, No. 2, 1 
October 1995, pp. 238-244. 

5 

Various reagents have been proposed as additives to copper CMP slurries to (1) retard the 
polishing/etch rate of interlevel dielectrics such as butanol as taught be US Patent 5,614,444 to 
Farkas et al. or (2) to retard the polish/etch rate of copper such as adding benzotriazole (BTA) as 
taught in US Patent 5,770,095 to Sasaki et al. or the article "Alkaline Formulations for Chemical 
1 0 Mechanical Polishing of Copper Utilizing Azole Passivation," anonymous, IBM Technical 
^ Disclosure Bulletin, Vol. 3 7, No. 1 0, October 1 994, p. 1 87. 
0 

b 

in Because copper has a high diffusion rate in some dielectrics, particularly silicon dioxide, some 

l=± form of barrier layer between interlevel dielectrics and copper metallurgy is required. Various 

1 5 [jj barrier materials have been proposed including refractory metals such as titanium (Ti), tantalum 

^ (Ta), tungsten (W), compounds such as titanium nitride and tantalum nitride, alloys such as TiW, 

U doped metals such as titanium or tantalum doped with nitrogen (Ti(N) or Ta(N)) and bilayers 

J- S3 

£g such as TiAV or Ta/TaN have been proposed by any of several references. 
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20 

CMP methods proposed to be used to polish or planarize copper metallurgy including under lying 
barrier materials have in many instances comprised a single slurry and polishing step as taught in 
US Patent 5,447,887 to Filipiak et al. (single step tantalum, titanium or titanium-tungsten barrier 
layer, slurry unidentified); US Patent 5,575,885 to Hirabayashi et al. (alkaline slurry with 
25 titanium, titanium nitride, niobium, tungsten or a copper-tantalum alloy); US Patent 6,6 1 2,254 to 
Mu et al. (ammonium hydroxide, silica and water with a barrier layer of Titanium nitride) and the 
article "CHEMICAL-MECHANICAL POLISHING OF COPPER IN ACIDIC MEDIA" by Q. 
Luo et al., 1996 CMP-MIC Conference, February 22-23, 1996, pp. 145-151 (Acidic ferric 
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nitrate,BTA, poly ethlyene glycol surfactant, alumina and water with a titanium-tungsten alloy 
barrier layer). 



Recently the evolution of copper CMP has included two-step processes as taught by US Patent 
5,676,587 to Landers et al. (copper polish using alumina-based slurry selective to the copper and 
a silica-based slurry selective to the barrier layer of Ta/TaN) or a three-step process as taught by 
US Patent 5,516,346 to Cadien et al. (separate slurries for each of copper, tungsten and titanium 
nitride). 



a 



1 0 Most recently a barrier layer comprising a first layer of hexagonal phase tantalum nitride and 

M 1 second 'aver of alpha-phase tantalum has been proposed in European Patent Application EP 

~ 075 1 566 A2 to Cabral et al. published January 2, 1 997. 

m 

V7 5 

u Finally, co-pending US Provisional application 60/1 05,470 filed October 23, 1 998 teaches a 

1 5 gj slurry for copper comprising water, alumina, an oxidizing agent (ferric nitrate), a copper 

' passivating agent (BTA) and a surfactant (Duponol SP) which has proved to be highly selective 

j* to copper over the liner of Cabral et al. European application EP 0 75 1 566 A2, as well as other 
tantalum-based liners. 

m 

ru 

20 Summary of the Invention 

In general, the prior art set forth above deals with polishing of copper with and without barrier 
materials in conventional metal line or stud via applications. However, when polishing metal in 
a dual Damascene environment where both lines and studs may be formed, as shown in the 
25 Chow patent, particular challenges are presented that must be addressed in the CMP process. As 
shown in FIG. 1, oxide 10 has narrow openings 12 that define vias, and wide openings 14 that 
define the metal lines. Each opening is filled with liner 20 and copper 22. As initially deposited, 
copper layer 22 extends over portions of barrier layer 20 and is removed by a separate CMP step 
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as described in co-pending Provisional Application Serial Number 60/105,470 filed October 
23,1998, the teachings of which are incorporated herein by reference. The removal of the 
overlying copper results in the structure as shown in FIG. 2 

In the invention, the portions of the metal layers 20 and 22 formed above the upper 
surface of oxide 10 are removed by CMP, utilizing the polishing slurry of the invention. During 
this operation, two goals are to be achieved. One is to maximize the removal rate of the copper, 
because the faster the polish process can be achieved the more wafers can be processed per unit 
time, decreasing the overall cost. Another goal is to remove the copper without appreciably 
removing the liner, because removal of the liner could lead to partial removal of the underlaying 
oxide, introducing non-planarity in the final surface and allows the switching to another slurry 
h more selective to the liner. These goals of the copper CMP process (high removal rate of copper, 
without appreciable removal of the underlaying liner) can often be incompatible; in the prior art,' 
removal rate of the bulk metal is often sacrificed in order to prevent excessive liner removal. 
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In addition, the copper slurry should minimize dishing and errosion in the polished copper 
Ideally, when the CMP process is completed, the upper surface of the copper would be coplanar 
with the surrounding oxide. This result can be achieved for the copper in the narrow openings 
12. However, in the wide openings 14, the pressure of the polish pad on the wafer results in a 
bowing (or "dishing") profile, in which the thickness of the copper at the center of the wide 
opening is less than the thickness at either end. In general, this structure is to be avoided, 
because it reintroduces non-planarity in the final BEOL structure and reduces the thickness of 
lateral interconnects such as line structures 14. Errosion is the removal of the non-copper regions 
between narrow lines in high density wiring areas. That is, it is undesirable for the plananzation 
slurry to be yoo agressive in removing the interlevel dielectric (DLD) between lines once the ILD 
has been exposed. 

Therefore, another object of the present invention is to provide a CMP process that minimizes 
BU9-98-100 



dishing and errosion. The specific goal is to prevent the difference between the thin and thick 
regions of the copper within opening 14 from being greater than the thickness of the liner 14 
disposed on the upper surface of the oxide 10. 

5 In the invention, a liner or barrier layer for coppermetallurgy comprising a refractory and/or its 
alloys and compounds is removed by CMP in an acidic slurry of an oxidizer such as hydrogen 
peroxide, deionized water, a corrosion inhibitor such as BTA, and a surfactant such as Duponol 
SP, resulting in a high removal rate of the liner including any remaining copper without 
appreciable removal of the underlying insulator layer. 

10 

M Brief Description of the Drawing 



„ The above and other aspects of the present invention will become more clear upon review of the 
^ detailed description of the invention as set forth below. In the description to follow, reference 
1 5 W will be made to the accompanying drawing. 
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il FIG. 1 is a cross sectional view of a substrate with a layers of copper and liner 
undergoing the CMP process of the invention. 

FIG. 2 is a cross sectional view of a substrate following the removal of the copper layer. 

FIG 3 is an enlarged sectional view of a portion of the surface of a semiconductor device 
following the removal of the liner layer. 

Detailed Description of the Best Mode for Carrying Out the Invention 

In the invention as shown in Fig. 1 , the liner 20 is on the order of 40-80 nm thick, and is comprised 
of tantalum. Specific materials include tantalum alloyed tantalum-based compositions such as 
tantalum nitride, as well as other refractory metals and refractory metal alloys such as chromium and 
BU9-98-100 



titanium/titanium nitride. A Ta-based barrier layer appears to provide the best combination of (a) 
promoting adhesion of copper to the oxide layer 10, and (b) preventing diffusion of copper, which 
is highly corrosive, into the underlaying silicon. In the practice of the invention, the specific layer 
to be polished is a tantalum-based layer comprising a bilayer of tantalum nitride and tantalum, each 
about 20-40 nm in thickness. Then the copper 22 is deposited onto the wafer, to a thickness 
(measured from the upper surface of oxide layer 10 to the upper surface of the copper layer) of 
approximately one micron. The copper layer can be formed using any deposition process that 
adequately fills the apertures oxide layer 10 without the formation of voids. 

The upper portion of the copper layer is then planarized via CMP to remove those portions of the 
metal layers that overly the upper surface of the passivation layer, so as to form a co-planar 
metal/insulator surface. In practice, the workpiece of FIG. 1 is placed into the wafer holder of a 
CMP tool. Any one of a number of known CMP tools, including those available from IPEC Corp. 
and Strasbaugh Corp. could be used to carry out the present CMP operation. The CMP tool has a 
rotating polish wheel on which is mounted a polish pad. The CMP slurry of the invention is applied 
onto thepolish P ad,andthewaferholderbrings the wafer intocontact with the rotatingpolish wheel. 
Inpractice, the wafer holder spins in a direction opposite to that of the polish wheel. In the operation 
described below, typically the polish wheel rotates at a speed of approximately 75 revolutions per 
minute (RPM), and the wafer holder spins at a speed of approximately 50 RPM. Further, the wafer 
holder applies pressure to force the wafer against the polish pad. As will be described in more detail 
below, the inventors have found that non-woven pads provide the best tradeoff between high 
removal rates and low dishing and scratching. In the operation described below, the applied pressure 
is approximately 5 pounds per square inch (PSI). In practice, these three variables (spin speed of the 
wafer holder, rotation speed of the polish pad, pressure) are interrelated, and can and do vary as a 
function of e.g. the hardness and thickness of the layer to be polished. 

In the sluny of the invention, solids such as silica particles having an average diameter at or below 
approximately 0.4 nm are used to provide physical abrasion of the liner material in the reaction while 
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minimizing excessive scratching or other surface damage. The slurry includes the following 
components: 

1) an oxidizer that promotes the removal of any residual copper remaining following 
the removal of the upper portion of the copper layer, an oxidizer including oxidizers from the 
following list can be used with varied success: fe^ricnita^hydrogen peroxide, potassium 
iodate, manganese oxide, ammonium hydroxide, ammonium persulphate, potassium persulphate, 
ammonium persulphate/sulfuric acid, potassium persulphate/sulfiiric acid, ferric 
chloride/hydrochloric acid, chromic acid, chromic acid/hydrochloric acid, potassium 
bichromate/sulfuric acid and stearic acid; 

2) a buffering agent that inhibits copper oxidation of the unremoved copper forming 
the lines by setting up a competing reaction with copper radicals, such as various benzotriazole 
compounds sold under the trade name "BTA" (e.g. 1-H benzotriazole, 1- OH benzotriazole, . 



^ 1 -CH3 benzotriazole, 5-CH3 benzotriazole, benzimidazole, 2 OH, 2-methyl -benzimidazole, 

15W 5-C1 benzotriazole); 

S 

Q 

H 3 ) a sulfated fatty acid surfactant that competes with BTA for 
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copper reaction sites to 
slow down Cu-BTA complexing, as will be described in more detail below; and 

$^p^4) a surfactant, for example, a versi/n of sodium lauryl sulfate, available commercially 
^s one or more of the series of Duponols, suchAs Duponol SP. 

Before describing the process in detail, the objectives of the invention will be described with 
reference to FIG. 3, which shows an enlarged view of the top surface of a semiconductor substrate 
before and after the removal of the liner from the surface. As in FIG. 2 the dashed lines show the 
surface before removal. In the practice of the invention, it is desired to remove all of the liner 20 
overlying the insulator 10 leaving the top surface of the deposited copper protruding slightly above 
the top surface of the insulator by removing portions of the surrounding insulator oxide 1 0. That is, 

BU9-98-100 g 



the final topography of the substrate is not planar but provides for the protrusion of the copper 
slightly above the background oxide layer. This is particularly true for fine lines, as described above. 

In order to successfully remove the liner selectively to the copper and underlying oxide, we found 
that we had to first consider the removal of any residual copper which might remain on the 
linej/ollowing the initial copper removal step. This residual copper might be trapped in scratches 
formed before the deposition of copper and which is not removed during the copper polish step. 
Thus, in addition to providing abrasive material for the Ta/TaN liner, one needs to provide an 
oxidizer for any residual copper. The slurry for the liner needs also to include an inhibitor to prevent 
the etching of exposed copper forming the desired lines and vias in the oxide- covered substrate. As 
shown in FIG. 3, it is desirable to provide a finished surface wherein the copper is slightly raised 
above the planarized surface of the substrate. 

In order to accomplish all of the above, it is necessary to be able to control the rate of polishing of 
the liner 22 and the insulator 10 to be greater than the rate of polishing of copper. Accordingly, the 
following basic formula was found to provide the optimum for removing the Ta/TaN liner from a 
silicon dioxide passivated semiconductor substrate. 

One liter of colloidal silica (Cabot SC-E) containing between 2 and 30 percent solids by 
weight per liter of deionized water; 

between 0 and 10 ml/1 30% aqueous hydrogen peroxide as an oxidizer; 

between 1.5 to 6.0 ml/1 Duponol surfactant; and 

between 0,4 and 4.0 g/1 BTA. Balanced to a pH of between 3.0 and 7.5. 

The preferred embodiment includes colloidal silica at 15% by weight, 3.0 ml/liter hydrogen 
peroxide, 3.0 ml/liter of Duponol SP and 1 .2 g/liter BTA , balanced to a pH of 4.5. 

It should be understood by those skilled in the art that other abrasives such as ceria and alumina 
could be used. The inventors found that the addition of Duponol SP was essential to enhance the 
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polishing characteristics. While the prior art utilizes surfactants primarily to promote uniformity 
the CMP slurry suspension, in the present invention Duponol SP is used more for its properties as 
a wetting agent (i.e. it decreases the surface tension of the slurry). Typically, when using surfactant: 
to stabilize the concentration of particulate in suspension, higher molecular weight surfactants 
used (for example, the above cited Clarkson paper teaches use of a surfactant having a molecular 
weight on the order of 1M). As will be described in more detail below, in the present invention 
lower molecular weight surfactants are used; the inventors stabilize particulate concentration by 
controlling the pH of the slurry. 

The inventors have found that controlling temperature during the polish process is important to 
maximize thetantalumremovalratewhileminimizingdishingofexposedcopper. More specifically, 
the inventors have found that the temperature of the slurry increases as the polish proceeds, due to 
the frictional forces inherent in the polish process as well as the chemical components of the 
above-specified copper complexing reaction. The inventors have found that if the temperature rises 
above approximately 1 00 degrees F, dishing results because the polishing pad begins to deform (i.e. 
the glass transition temperature of the pad is reached), and as a result the chemical component of the 
CMP process increases. In practice, this temperature control is achieved by utilizing a water-cooled 
platen. 



The inventors have found that the slurry of the invention can be prenuxed (i.e. some slurries can only 
be mixed at the CMP tool due to rapid degradation in stability), and the premixed slurry is stable for 
a week or more. Most CMP slurries at the P H range of the invention tend to lose stability quickly 



Example 1 



A workpiece prepared as above was polished in a colloidal silica dispersion having particulate on 
the order of 0.4 microns or less, available from Cabot Inc. as SC-E. This grain size appears to 
provide the optimum tradeoff between enhanced removal rates and low removal rate in the 
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barrier film. The slurry included 18 liters deionized water (15% silica), 1.2 grams/liter BTA, 3 
grams/liter 30% hydrogen peroxide, and 1.2 ml/liter Duponol SP, such that the total slurry had a 
pH of approximately 4.5. The CMP polish pad used was a non-woven pad, consisting of 
synthetic fibers in a polymer binder. The table speed was 75 RPM, and the spin speed of the 
wafer holder was 50 RPM. The wafer was held against the polish pad at a pressure of 6 PSI. 
The resulting removal rate was approximately 40nm/minute of tantalum, 25 nm per minute of 
silicon dioxide and 5 nm/minute copper. 

In addition to polishing tantalum-based liner materials, the slurry of the present invention is 
believed to be applicable to other tantalum alloys and other refractory liners that would be 

^ polished in accordance with the reaction kinetics described above 

£3 
□ 

U\ It should be understood that the above and other modifications in the practice of the invention 

^ can be made to the preferred embodiment as set forth above without departing from the spirit and 

1 Sc scope of the present invention. 
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What is claimed is: 
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